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Vibrational and electrical properties 
of Cu2−xTe films: experimental data 
and first principle calculations
J. U. Salmón-Gamboa1, A. H. Barajas-Aguilar2, L. I. Ruiz-Ortega  1, A. M. Garay-Tapia3 &  

S. J. Jiménez-Sandoval  2

Vibrational and electrical properties of sputtered films of the copper telluride system are presented. 
Despite of its technological importance in photovoltaics, the fundamental properties of copper 
tellurides are poorly understood. Films were deposited at 200 °C by rf sputtering from targets 
containing mixtures of copper and tellurium powders at nominal concentrations of Cu1.25Te, Cu1.5Te, 

Cu1.75Te and Cu2Te. Remarkably for the copper telluride system, it was possible to obtain single-phase 
vulcanite (CuTe) from the Cu1.25Te target. Two-phase mixtures of rickardite (Cu7Te5) and weissite 
(Cu2−xTe) were achieved for other cases. Raman spectra were obtained using two laser lines: 633 and 
488 nm. Density functional theory was employed to calculate the phonon dispersion curves and density 
of states for vulcanite. The Raman bands were in good correspondence with the calculated frequencies. 
In general, the Raman spectra consisted of high-intensity totally symmetric modes superimposed on 
monotonically decaying signals. These were explained in terms of three contributing phenomena: 
convolution of vibrational normal modes, phonon-coupled charge density fluctuations and time-varying 
local-field contributions to the electric susceptibility. Studies on the conductivity, mobility and carrier 
concentration were carried out by the Van der Pauw method. Micro/nano scale surface potential studies 
were performed through Kelvin probe force microscopy mapping.

Anticipating the depletion of fossil fuels, the e�orts directed to harvest solar energy by solar cells have been 
increasing during the past few decades. Particularly, thin �lm based solar cells have shown promising results 
towards higher e�ciencies and cost reduction, compared to the conventional �rst generation solar cells based on 
single-crystal Si wafers1. Recently, Cu2−xTe thin �lms have shown interesting properties regarding their usage as 
back contacts for CdTe thin �lm solar cells2–6. Nevertheless, despite of the many studies on thin �lms composed 
by the Cu2−xTe system fabricated by various methods, a comprehensive study is yet missing, principally on the 
technologically important sputtered �lms. Minor variations on the growth conditions and target composition 
of sputtered cuprous telluride thin �lms, as reported by various authors5,7–9, may give the advantage of tuning 
the electrical and optical properties. In addition, there are not thorough reports on the vibrational properties 
of the system. Consequently, Raman and infrared (IR) spectra remain unknown for all the Cu2−xTe phases. �e 
current lack of information on this technologically relevant material is due to the complexity introduced not only 
by its polymorphism, but also because it is a copper-vacancy-doped material. Herein, a systematic study of the 
structural, vibrational and electrical properties of Cu2−xTe thin �lms grown at a substrate temperature of 200 °C 
is reported. A Raman study, including a comparison with density functional theory (DFT) calculations of the 
CuTe phase (vulcanite), is presented. For the growth of the �lms all the sputtering targets were fabricated by cold 
pressing elemental copper and tellurium powders, varying the copper to tellurium nominal concentration ratio 
[Cu]/[Te]. �e Cu7Te5 crystalline phase was favoured when [Cu]/[Te] was 1.5 and 1.75. Raman active modes 
corresponding to single phase CuTe as well as bands arising from �lms with mixture of phases were observed. 
Scanning probe microscopy (SPM) is a useful technique with high space resolution for evaluating local properties 
of heterogeneous microcrystalline materials. Recently, local properties of solar cells and photovoltaic materials 
used in solar cells have been evaluated using SPM techniques10,11. Kelvin probe force microscopy (KPFM) is one 
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of the key SPM techniques to evaluate electrostatic properties of materials at the nanoscale12,13. KPFM is a tool 
based on conventional atomic force microscopy (AFM) that measures the surface potential di�erence between 
the AFM tip and the sample surface, which is related with the work function of the material. An important feature 
of amplitude modulated KPFM is that it allows to produce maps of both topography and surface potential simul-
taneously with high spatial resolution (~25 nm) and sensitivity (a few millivolts)14. For the sake of improvement 
of photovoltaic materials, it is signi�cant to understand local and microcrystalline properties of these materials. 
In this work, to further extend the characterization of Cu2−xTe thin �lms, the average surface potential of the �lms 
and nanoscale properties of crystal clusters were analyzed by KPFM.

Amplitude modulated KPFM, or AM-KPFM, is a dual-pass SPM technique in which during the �rst pass, 
the cantilever is mechanically vibrated near its resonant frequency by a small piezoelectric element and the top-
ographic features of the sample are recorded (Tapping mode). During a second pass, the cantilever is elevated to 
a given constant scan height, the mechanical oscillation applied to the tip is turned o� and an oscillating voltage 
UACsin(ωt) with a direct current (UDC) o�set is applied directly to the AFM tip.

ω= +U t U t U( ) sin , (1)AC DC

�en the cantilever follows the recorded surface topography at a speci�c li� height above the sample while 
responding to electric in�uences on second pass (interleave) scan (trace and retrace). When there is a DC voltage 
di�erence between the tip and sample (contact potential di�erence), an oscillating electric force results acting on 
the AFM tip at the frequency ω (Fω). Since KPFM is a nulling technique, the ω component is used as feedback 
signal to adjust UDC so that Fω = 0,

ω=
∂

∂
− Φ

ω
F
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h
U U t( )cos ,

(2)ac DC s

Where C is the capacitance in air formed by the surface of the �lm and the tip, and h is the distance between them. 
In experimental conditions, the AFM tip has its own surface potential (Φt) depending on the material. UDC corre-
sponds to the local contact potential di�erence (Φs):

= Φ − Φ .U (3)DC t s

If the tip and sample are at the same DC voltage, there is no force on the cantilever at frequency ω and the cantile-
ver amplitude will be equal to zero. �e voltage applied to the probe tip is recorded by the controller to construct 
a voltage map of the surface. In which brighter regions correspond to higher surface potential values, and darker 
regions to smaller surface potential values.

Results and Discussion
Structural properties. XRD measurements were performed on the �lms to study the structural changes 
upon the systematic addition of Cu to the targets. Figure 1a shows the di�ractogram of the thin �lm grown using 
the target with [Cu]/[Te] = 1.25. �e �rst three principal di�raction planes located between 10 and 40 degrees 
formed with preferential direction parallel to (0 0 c). �ese planes belong to the crystalline phase of CuTe (PDF 
#22–0252), o�en referred to as vulcanite. �ere are other low intensity peaks located at higher angles which also 
correspond to the same crystalline phase. �is is a remarkable result, since most of Cu2−xTe thin �lms reported 
to date show signi�cant mixtures of crystalline phases, whereas this thin �lm crystalline structure includes only 
the vulcanite phase. Moreover, this phase was not observed in any of the other �lms grown from the other targets.

Figure 1. Di�raction patterns of the sputtered �lms with increasing [Cu]/[Te] ratio. From (a) to (d) 1.25, 1.5, 
1.75 and 2, respectively. �e obtained phases were vulcanite (CuTe), rickardite (Cu7Te5) and weissite (Cu2−xTe).
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�e rest of the thin �lms fabricated comprised a mixture of phases. �e di�ractogram of the sample fabricated 
out of the [Cu]/[Te] = 1.5 target is shown in Fig. 1b. Here, the crystalline phase Cu7Te5 is dominant, whose highest 
intensity peak corresponds to the plane (052) located at 26.66 degrees; whereas there is little contribution of the 
hexagonal weissite phase PDF#10–0421 (space group P3m1, No. 156) with the di�raction plane (200) located 
at 24.73 degrees. It is worth clarifying that in the PDF#10–0421 this copper telluride phase (Weissite) is labelled 
generically as Cu2−xTe; thus, we have followed the same notation in Fig. 1 and throughout this work. Similarly, the 
di�raction pattern of the �lm sputtered using a target with concentration ratio [Cu]/[Te] of 1.75 presents the same 
high-intensity peaks, corresponding to the same mixture of phases: rickardite and weissite, Fig. 1c. For [Cu]/
[Te] = 2, Fig. 1d, the dominant role of Cu7Te5 observed in the previous two cases is reduced due to an increased 
presence of the hexagonal weissite phase Cu2−xTe, through the appearance of di�raction lines corresponding to 
planes (119) and (209) at angles higher than 40 degrees.

�e Cu-Te phase diagram is one of the most complex of the copper-chalcogen family15. �is is a factor that 
may produce that small variations in the [Cu]/[Te] ratio result in the growth of di�erent phases. Regarding a pos-
sible reproducibility issue on this complex system, it can be mentioned that our group recently reported16 prior 
work where �lms were deposited varying not only the [Cu]/[Te] ratio, but also the substrate temperature from 
RT to 350 °C. It was observed that Ts = 200 °C was an interesting temperature for copper telluride deposition, 
since nearly pure phases of CuTe and Cu7Te5 could be obtained and also the resistivity values were the lowest, 
compared to those grown at other substrate temperatures. �e phases formed for the various [Cu]/[Te] ratios in 
Fig. 1 were similar to those reported previously for the same substrate temperature16. �at is, it was found the 
same characteristic phase mixture of Cu7Te5 and Cu2−xTe for higher values of Cu in the targets, nearly pure Cu7Te5 
for the middle ones, and the formation of the pure phase CuTe (vulcanite) for the lowest [Cu]/[Te] ratios (1.25 
in this work and 1.0 in ref.16). In short, phase reproducibility is good, with small variations that do not a�ect the 
characteristic dominant phase for each [Cu]/[Te] ratio.

Vibrational properties. Density functional theory results. As mentioned above, reports on the vibrational 
properties of the various phases of the copper telluride Cu2−xTe system are scarce and limited. Among all the 
phases of the copper-telluride system, the 1:1 CuTe vulcanite phase (symmetry space group 59, Pmmn) has the 
simplest crystalline structure. �is phase with orthorhombic symmetry has 4 atoms per unit cell. �is charac-
teristic makes it a suitable candidate for its study through �rst principles DFT calculations. Especially important 
is the fact that this structure does not contain randomly occupied copper vacancies, as opposed to most of the 
copper telluride phases. In our case, since it was possible to obtain single-phase vulcanite �lms, i.e. with no phase 
mixtures, the experimental measurements could be compared to the theoretical DFT predictions. Even though 
the calculations were performed only for one of the copper telluride phases, its understanding provides impor-
tant insights about the vibrational properties of the whole system. Lattice parameters and atomic positions were 
optimized through minimizing the forces acting on each atom. �e lattice parameters of the relaxed structure 
were a = 3.26, b = 4.02 and c = 7.58 Å, while the reported values stand as a = 3.16, b = 4.08 and c = 6.93 Å, with 
all the unit cell angles remaining at 90°. �is represents a change in the lattice parameters of 3.16%, 1.47% and 
9.38%, respectively. �e di�erences between the experimental and calculated values for a and b are not signif-
icant considering the involved structural relaxation process; however, the di�erence in c is larger. �is can be 
accounted for if one considers that vulcanite has a layered structure, in which layers are held together by Van der 
Waals-type forces. DFT calculations are less accurate when this kind of weak interactions are present because of 
their time-dependent nature. In this sense there are some corrections to deal with this problem, although they 
are not always e�ective. In this work it was chosen not to introduce any corrections in the calculations since for 
our purposes, i.e. calculation of the vibrational frequencies of a layered material, the vibrational frequencies (and 
most of the physical properties) do not depend strongly on the c-parameter due to the weak nature of the inter-
action perpendicular to the a-b planes. Binding energy and heat of formation per formula-unit were calculated 
to be E(CuTe) = −6.13 eV/formula unit (or −590.64 KJ/mol) and ∆Hf = −0.14 eV (or −13.49 KJ/mol). Once the 
structures were relaxed, the phonon dispersion curves (Fig. 2) and vibrational density of states (Fig. 3) were com-
puted using the so�ware PHONON and VASP as external ab initio DFT so�ware. �e irreducible representations 
of the vibrational optical modes of CuTe (vulcanite) at the Brillouin zone center are:

Γ = + + + + + .A B B B B B2 2 2opt g g g u u u2 3 1 2 3

Six of them (2Ag + 2B2g + 2B3g) are Raman active, while the rest have IR activity. In Fig. 4 the atomic displace-
ments, type, activity, frequency and irreducible representation of each optical mode are provided. All the images 
in this table were made using VESTA17.

Raman Spectra. Raman spectroscopy is a suitable alternative to obtain experimental data of the vibrational 
frequencies at the Brillouin zone center of crystalline materials. As mentioned above, there are not previous 
reports of Raman spectra for any of the phases of the Cu2−xTe system. Here we compare the calculated DFT vibra-
tional frequencies with the experimental data obtained from our measurements. Raman spectra were acquired 
for all the �lms obtained with the di�erent [Cu]/[Te] ratios. Two di�erent excitation laser wavelengths (λex) were 
used: 633 and 488 nm. All the measurements for each wavelength were carried out with the same power and 
acquisition time, that is 180 s for λex = 633 nm (Fig. 5a) and 120 s for λex = 488 nm (Fig. 5b). Two excitation lines 
were employed in order to verify that all the features in the spectra, namely the peaks and the accompanying 
monotonically decaying background, correspond to inelastic light scattering, as opposed to other kind of excita-
tions such as photoluminescence.

�e spectra corresponding to the �lm made with the [Cu]/[Te] = 1.25 target, whose crystalline phase is only 
vulcanite (CuTe), show one strong peak at 132 cm−1 for both excitation lines. �is frequency is close to the value 
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of 136 cm−1 calculated for one of the Ag modes of CuTe. Totally symmetric Ag modes usually present the strongest 
intensity of the vibrational modes because of the large change in susceptibility (and consequently of polarizabil-
ity) induced by the complete out-of-phase motion of the oscillating ions. It is thus reasonable to identify the mode 
at 132 cm−1 as the Ag mode. For the Raman modes calculated at 123 (B2g) and 125.5 cm−1 (Ag), these may be over-
lapped at the low-frequency side of the main peak, which indeed shows the corresponding asymmetry (bottom 
spectra, Fig. 5a,b). �e spectra of the samples grown from targets with ratios [Cu]/[Te] = 1.5 and 1.75 show an 
intense peak at 123 cm−1, while the one grown from the target with [Cu]/[Te] = 2 has a maximum at 121 cm−1. 
In analogy to the case of vulcanite, it is plausible that these high-intensity peaks correspond to totally symmetric 
modes of the phases present on each �lm. It is to be noticed that the frequency of the most-intense peaks in Fig. 5 
have a clear dependence on their structural characteristics, that is, on the dominant copper telluride phases for 
each sample, Fig. 1. �e frequency of the most intense peak for vulcanite is 132 cm−1 (CuTe phase), the frequency 
of the strongest peak for samples with [Cu]/[Te] = 1.5 and 1.75 is 123 cm−1 (Cu7Te5 is the dominant phase for both 
samples), and the frequency of the main broad peak for sample [Cu]/[Te] = 2 (mixture of Cu7Te5 and Cu2−xTe) 
is 121 cm−1. Indeed, considering that the vibrational normal modes depend on the symmetry properties of the 
crystalline structure, it is expected that the frequencies of the modes present some variations from one polytype 
to another since they correspond to di�erent vibrational normal modes.

Before referring to the calculated modes of vulcanite at 78 and 66 cm−1, we comment on the monotonically 
decaying signal (MDS) observed in all the spectra in Fig. 5. Figure 6a shows the normalized (to the highest 
intensity recorded for each spectrum) Raman spectra for λex = 633 nm. Besides the shi� of the main peak and 
its broadening for the higher [Cu]/[Te] concentrations, it is clear that the relative intensity of the MDS increases 
as the [Cu]/[Te] ratio gets larger, as indicated by the arrow. It is expected that other Raman active modes are 
immersed within such signal, such as the calculated modes at 78.3 and 66.4 cm−1 in the case of vulcanite. We 
note, however, that the latter was out of our measurement range (>75 cm−1). In the case of the �lms with phase 

Figure 2. Phonon dispersion curves of CuTe (vulcanite).

Figure 3. Phonon density of states of CuTe (vulcanite).
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mixtures, the MDS must have contributions of a rather large number of Raman active modes. Indeed, the number 
of atoms in the primitive cell (N) of Cu7Te5 is 48 and approximately 72 in the case of weissite Cu2−xTe18. Since the 
number of optical vibrational modes varies as 3N-319, the number of Raman active modes will increase accord-
ingly (the rule 3N-3 includes Raman, infrared as well as silent modes). �at is, a large number of Raman bands 
must be convoluted within the MDS; however, it is quite unlikely that the intensities of those bands are from 
high-to-low when the frequency of the vibrational modes increases, so as to yield the observed shape of the MDS. 
It is reasonable then to hypothesize that the observed MDS has additional contributions that make it prevail over 

Figure 4. Raman and IR active modes of vulcanite (CuTe). �e atomic motion in the unit cell for each 
normal mode is described. Other data include: type (transverse optical or longitudinal optical), frequency and 
irreducible representation for each vibrational mode.
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Figure 5. (a) Raman spectra of the copper telluride �lms obtained for the laser excitation line of λex = 633 nm. 
(b) Raman spectra of the thin �lms measured with λex = 488 nm. Besides the main peak, in the spectrum of the 
�lm grown from the [Cu]/[Te] = 1.5 two vibrational modes (indicated by the arrows) have intensities larger than 
the monotonically decaying signal (MDS) observable in all spectra. �ese two modes at the sides of the main 
peak have higher relative intensity than in the corresponding spectrum in Fig. 5a. �is is an indication that 
resonance conditions (i.e. band-to-band transitions) are better matched when the excitation line λex = 488 nm 
(2.54 eV) is used.

Figure 6. (a) Normalized Raman spectra obtained with the He-Ne laser line. �e spectra have not been 
displaced vertically so that the increment of the monotonically decaying signal (MDS) at low wavenumbers 
increases as the value of [Cu]/[Te] rises, as indicated by the arrow; (b) comparison of the crystalline structure of 
(i) vulcanite (CuTe) and (ii) weissite (Cu2−xTe). �e former does not include copper vacancies, while the latter 
possesses copper lattice sites randomly occupied. �ese are indicated by partially �lled spheres, with the �lling 
being proportional to the occupation probability.
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the intensity of most of the vibrational bands. Possible Rayleigh scattering from rough surfaces cannot not explain 
the observed behavior of the MDS. �e RMS roughness obtained from AFM measurements for samples with 
[Cu]/[Te] = 1.25, 1.5, 1.75 and 2.0 were 9.4, 38.2, 12.9 and 11.9 nm, respectively. As it may be noticed, there is no 
correlation between the values of the RMS roughness and the intensity of the MDS, Fig. 6a. To gain insight into 
the origin of this inelastically scattered light, it must be recalled that copper tellurides are p-type materials with 
rather large free hole densities of the order of 1020–1021 cm−32,7. For the �lms reported here, the free carrier density 
was of the order of 1021 cm−3 (in two cases only slightly above 1022 cm−3), vide infra. For such large free carrier 
densities, inelastic light scattering can be expected since electronic density �uctuations can couple to phonons20. 
Indeed, plasmon-phonon coupled modes have been observed at room temperature in p-type semiconductors 
such as GaSb21 and GaAs22, whose intensity increases as the doping level increased. In other words, the intensity 
of phonon-plasmon coupled modes scales with the free carrier density. In the case presented here, however, 
the intensity of the MDS does not scale fully as the hole density data (see below). �at is, the free hole density 
increases and then slowly decreases as the [Cu]/[Te] ratio gets larger. �is is not quite the behavior of the MDS in 
Fig. 6a, which systematically increases as the value of [Cu]/[Te] does. �at is, besides the coupled electronic (hole) 
scattering, another contribution to the observed MDS can be inferred. At this point it is worth recalling that the 
Raman scattering cross section depends on the electric susceptibility changes generated by the oscillating ions 
during the normal modes vibrations. X-ray di�raction results showed a trend in the crystalline phases present 
in the �lms. As the [Cu]/[Te] rises, the presence of the weissite phase (Cu2−xTe) increases, Fig. 1. �is is relevant 
because, unlike the vulcanite phase (Fig. 6b,i), both the Cu7Te5 and Cu2−xTe structures present some Cu sites with 
probability of occupation less than one. �is is illustrated in the case of weissite in Fig. 6b.ii with the partially 
�lled Cu sites. Such vacancy sites disrupt the symmetry of the underlying crystalline structure yielding signi�cant 
local-�eld contributions to the electric susceptibility23. �e X-ray di�raction results, thus, indicate that the higher 
the value of [Cu]/[Te], the larger the number of Cu sites not fully (randomly) occupied, yielding larger suscepti-
bility changes as the local-�eld contributions become more signi�cant. �is, in turn, enhances the observation 
of inelastic scattering of light by the charged vacancies in the material. �at is, vacancies become highly e�ective 
scattering centers as the oscillating ions around vacancies induce local-�eld variations. In summary, it is hypoth-
esized that the MDS is the result of three contributions: (i) convoluted vibrational modes, with the most intense 
above the level of the MDS; (ii) plasmon-phonon coupled modes; and (iii) copper-vacancy related local-�eld 
contributions to the electric susceptibility. �e Raman spectra of vulcanite (bottom spectra, Fig. 5a,b) would have 
only the �rst two contributions since randomly occupied sites do not occur in its structure.

Another important issue about the measurement of the Raman spectra of the system Cu2−xTe is that the com-
pounds of this system have a certain degree of photo-sensibility. In this sense, all measurements had to be done 
cautiously under low laser power in order to avoid modifying the samples. It was observed that the Raman spectra 
of laser-damaged regions correspond to tellurium24–27, which has a very intense Raman signal with its main peak 
at 123 cm−1 (Fig. 6). �ree reasons can be mentioned to associate to copper tellurides the peaks with frequencies 
close to 123 cm−1 in the Raman spectra in Fig. 5 (as opposed to being the result of photo-degradation). First, 
a�er making a measurement in a photo-modi�ed spot, the a�ected zone becomes notably darker, as observed 
through the spectrometer microscope. Second, if tellurium clusters were present in the �lms, the sharp Te peak 
at 142 cm−1 (Fig. 7) should be observed, which does not become apparent, nonetheless, in any of the spectra in 
Fig. 5. Finally, one can mention that the intensities of the Raman active modes of the Cu2−xTe system are substan-
tially lower than those of tellurium. �e spectrum shown in Fig. 7 was obtained with the same power and laser 
wavelength as the spectra of Fig. 5a, but with an acquisition time six times smaller. However, the S/N ratio of the 
Te spectrum in Fig. 7 is signi�cantly higher than those in Fig. 5a. With these observations it is e�ortless to note 
whether a sample has been damaged or not during its exposure to the laser beam. From all these considerations 
it possible to be certain that the Raman spectra presented in Fig. 5 correspond to unmodi�ed regions of the �lms 
and, therefore, to copper telluride phases.

Figure 7. Raman spectra of a photo-modi�ed spot corresponding to a tellurium cluster obtained with λex = 633 nm.
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Infrared spectroscopy yields as well important information on the lattice dynamics of materials. Attenuated 
total re�ection measurements were carried out in the 100–1800 cm−1 range for the whole set of �lms. However, 
the high carrier density prevented obtaining any useful feature to obtain the infrared active vibrational modes of 
any of the �lms. Only a monotonically increasing signal was obtained.

Electrical properties. Previous studies report that the Cu2−xTe system is a p-type material with typically 
hole concentrations between 1020–1021 cm−3, and resistivities of the order of 10−4 Ω cm2,7. In this work, the most 
conductive sample had a resistivity of 1.52 × 10−4 Ω cm, with a mobility of 3.22 cm2/Vs and carrier density of 
1.48 × 1022 cm−3. Figure 8 shows the resistivity, mobility and carrier concentration for all �lms. �e thicknesses 
of the samples, measured by AFM, are summarized in Table 1. To determine the average thickness of the �lms, 
the scratch method was utilized. A sharp scratch was produced on the sample using a steel scalpel. Subsequently, 
standard AFM tapping mode was performed to measure the step height of the scratch. At least �ve di�erent 
areas were measured and averaged for each sample to yield the corresponding standard deviation. It may be 
noticed that the �lms grown from the targets [Cu]/[Te] = 1.5 and 1.75 show comparable electrical properties, in 
correspondence with the fact that both samples have similar crystalline structure (i.e. copper telluride phases), 
as shown in Fig. 1.

Kelvin probe surface microscopy. Micrographs of the surface potential distribution of all the samples are 
shown in Fig. 9. Brighter areas in the surface morphology and surface potential images correspond to larger sur-
face height and surface potential, respectively. All �lms display homogenous surface structure with similar sur-
face potential roughness. Figure 9d, i.e. sample [Cu]/[Te] = 2, con�rms the formation of well-de�ned crystalline 
clusters. In Fig. 10, a detailed image of the grains of the sample [Cu]/[Te] = 2 is provided. An increment on the 
surface potential of around 29.3 mV above the mean surface potential value is observed at the grain boundaries, 
e�ect which has been reported formerly in thin �lms28,29. Previous studies have demonstrated that the formation 
of such clusters on polycrystalline semiconductor materials strongly contributes to creating localized states at the 
grain boundaries, thus producing separation centers at these locations. Consequently, majority charge carriers 
migrate to the intra-grain regions, whereas minority charge carriers get trapped at the grain boundaries28–31.

Figure 11 shows the surface potential distributions over 10 × 10 µm2 scan areas for all the [Cu]/[Te] ratios. As 
observed, the surface potential distributions di�er from each other. All distributions present a constant shi� to the 
positive surface potential direction depending upon the [Cu]/[Te] ratio. Mean values of samples [Cu]/[Te] = 1.25, 
[Cu]/[Te] = 1.5, [Cu]/[Te] = 1.75 and [Cu]/[Te] = 2.0 were found to be 42, 48, 116 and 160 mV, respectively. �at 
is, the higher the [Cu]/[Te] ratio, the larger the overall surface potential. �e surface potential at the air-surface 
interface has a bulk and a surface component. �e former, arises from the electronic density in the solid. �e lat-
ter, or surface dipole moment, derives from a redistribution of charges at the surface due to the loss of periodicity. 
It is reasonable to assume that these two contributions are a�ected by the charge centers produced by copper 

Figure 8. Experimental bulk carrier concentration, mobility and resistivity of the sputtered �lms, as a function 
of target nominal composition [Cu]/[Te].

Sample [Cu]/[Te] thickness (nm)

1.25 421 ± 21

1.5 458 ± 58

1.75 530 ± 47

2 308 ± 23

Table 1. �icknesses of the �lms deposited from the target with the indicated compositions.
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vacancies present in the structure. �is is in agreement with the fact that the surface potential increases with the 
[Cu]/[Te] ratio, Figs 9 and 11, and with the increment in copper-vacancy density for the copper-rich polytypes. 
Figure 6b shows the crystalline structure of CuTe and Cu2−xTe, where the existence of copper vacancies in the 
copper-rich phase is noticeable.

Conclusions
It has been shown that Cu2−xTe �lms can be prepared by sputtering using cold-pressed single targets fabricated 
from Te and Cu powders in appropriate [Cu]/[Te] ratios. X-ray di�raction showed that when [Cu]/[Te] = 1.25, 

Figure 9. Kelvin probe force microscopy (KPFM) surface potential maps (10 × 10 µm2) of samples (a) [Cu]/
[Te] = 1.25, (b) [Cu]/[Te] = 1.5, (c) [Cu]/[Te] = 1.75 and (d) [Cu]/[Te] = 2.

Figure 10. Representative images of the [Cu]/[Te] = 2.0 �lm obtained by AFM and KPFM of a crystal cluster. 
(a) Topographic image obtained on tapping mode. (b) Height pro�le of the indicated line. (c) Surface potential 
distribution. (d) Surface potential pro�le along the indicated line.
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vulcanite (CuTe) was the only copper telluride phase obtained. Further addition of Cu into the targets yields 
the growth of a mixture of phases: rickardite (Cu7Te5) and weissite (Cu2−xTe). Experimental Raman spectra, 
and calculated phonon dispersion curves and one-phonon density of states for vulcanite, obtained from Density 
Functional �eory, are reported for the �rst time. Good agreement between theoretical and experimental results 
was found, although it was not possible to identify all the predicted Raman modes. In addition, the Raman spec-
tra of �lms with mixture of phases for the Cu2−xTe system were successfully obtained. Understanding of the vibra-
tional behaviour of vulcanite, the simplest structure of the copper telluride family, helped to gain insight about 
the vibrational properties of the more complex phases. �e Raman spectra of the �lms were superimposed onto 
low-frequency monotonically decaying signals, whose intensity was proportional to the [Cu]/[Te] ratio. �ese 
MDSs have been ascribed to contributions of (i) convoluted vibrational modes, (ii) phonon-plasmon coupled 
modes, and (iii) copper-vacancy related local-�eld variations. In the particular case of vulcanite, only the �rst 
two contributions may occur since its structure lacks copper sites partially occupied. Surface potential maps of 
all samples were successfully obtained by KPFM, which showed that the �lms shi�ed to higher surface potential 
as the amount of Cu was increased. Similarly, a detailed map of the structure of the topographic structure and 
surface potential at the nanoscale was obtained. �ese measurements indicated a substantial increase of the local 
surface potential at the boundaries of the crystal grains. Furthermore, KPFM images suggests that at the highest 
value of Cu concentration (i.e. [Cu]/[Te] = 2), formation of larger crystal clusters was promoted. �e overall sur-
face potential was proportional to the value of the [Cu]/[Te] ratio.

Methods
In this work, all the targets used to sputter the �lms were prepared by cold pressing elemental copper and tellu-
rium powders. �e powders consisted of copper powder 3-µm average particle size, 99.7% trace metals basis, and 
tellurium powder, ~30 mesh and 99.7% purity. For simplicity, herein the targets are referred to as [Cu]/[Te] = X, 
where X represents the Cu-to-Te ratio of the target. Four targets with the following nominal composition [Cu]/
[Te] were fabricated: 1.25, 1.5, 1.75 and 2. Each target was pressed in air for 30 minutes at a pressure of 16 tons 
in a stainless steel mould. �e Argon working pressure was kept at 5 mTorr for all growths. �e target-substrate 
distance was 5 cm, with a deposition time of one hour at a substrate temperature (Ts) of 200 °C. Cleaned rectan-
gular Corning glass slides (2.5 cm × 7.5 cm) were used as substrates for all depositions and the radio frequency 
power source operated at 20 W. �e plasma was ignited under an ultra-high purity Ar gas �ux. Prior to each 
growth, the target surface was cleaned by the plasma, with a pre-erosion time of 5 minutes. X-ray di�raction 
(XRD) experiments were carried out in di�ractometer equipped with a copper target, operating at 30 kV and 
20 mA, with an incidence angle of 2.5 degrees. �e sweeping angle 2θ ranged from 2 to 80 degrees. All the patterns 
were identi�ed using the Powder Di�raction Files (PDF) provided by the International Centre for Di�raction 
Data (ICDD) database and the so�ware MDI Jade 6. Raman studies were performed with excitation wavelengths 
of 633 and 488 nm in a state-of-the-art high-resolution micro-Raman spectrometer. �e micro Raman spectra 
were obtained using a 100 × microscope objective (i.e. backscattering con�guration) to focus the laser beam on 
the samples surface. For this microscope objective the probed area was a spot of ~1 micron in diameter for the 
employed excitation wavelengths. Electrical properties measurements were made in a Hall e�ect system by the 
Van der Pauw method at room temperature (20 °C). For this purpose, small graphite contacts were deposited on 
the corners of 1 cm2 samples. Also, �lm thickness and surface potential mapping by KPFM were performed in 
an atomic force microscope using an uncoated Antimony (n-type) doped Si tip, with an oscillation frequency of 
340.5 Hz. For estimating the �lm thickness, taping mode was used at 0.5 Hz (tip velocity = 0.996 µm/sec) scan 
rate and a resolution of 256 lines on di�erent areas at the edge of the �lm. Furthermore, a step analysis was also 
carried out. To generate surface potential maps, dual-pass KPFM was performed by recording simultaneously 
topography in tapping mode (1st pass) and surface potential in li� mode (2nd pass). For this purpose, the same tip 
was used and its lock-in phase was found to be −180° by the �ne tuning feedback method previously reported32. 

Figure 11. Surface potential distribution from the 10 × 10 µm2 scan area of the surface potential mapping 
images.
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�is was veri�ed by the electrical tuning function in the Dimension Icon (Veeco) AFM so�ware. In the interleave 
mode, a drive amplitude of 5000 mV and a li� height of 15 nm were selected. Surface potential distributions were 
obtained by selecting areas of 10 µm by 10 µm on each sample. Analyses of both topographic and potential images 
were carried out using Gwyddion - SPM data analysis so�ware, with no further post-processing beyond mean 
plane subtraction leveling. Scanning probe experiments were performed in air at room temperature (∼25 °C).

Computational details. Density functional theory (DFT) calculations were made using the VASP code33–36 
with the help of Perdew-Burke-Ernzerhof (PBE) pseudopotentials of the generalized gradient approximation 
(GGA)37,38. �e cut o� energy for the plane waves was set to 550 eV, while the energy convergence parameter 
for two consecutive self-consistent steps was �xed at 10−6 eV. Relaxation of lattice parameters as well as atomic 
positions were carried out until the Hellman-Feynman forces were less than 0.01 eV/Å. In the Monkhorst–Pack 
scheme a 19 × 15 × 9 mesh was used to relax the structure. For the calculation of vibrational properties, the so�-
ware PHONON39,40 along with VASP as complementary DFT so�ware were utilized. For vibrational properties 
purposes a 3 × 3 × 2 supercell (72 atoms) and a 6 × 4 × 3 mesh were employed. For this calculation, the accuracy 
in energy for two consecutive self-consistent steps was raised to 10−8 eV.

Data Availability. �e datasets generated during the current study are available from the corresponding 
author on reasonable request.
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